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Introduction

* In modern neutrino experiments such as DUNE, we detect neutrino by its interaction with atoms.

* The Initially produced hadrons can also interact within the nucleus, which will change the

kKinematics of particles emitted from the atom. This is called the hadronic final state interaction
(FSI) effect.

Charge Exchange O
us Elastic
Scattering

Figure credit: Tomasz Golan Pion Production

 The FSI accounts for a major source of systematic uncertainty in oscillation analyses.
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P rOto D U N E-S P First results published in 2020 (nttps:/iopscience.iop.org/article/10.1088/1748-0221/15/12/P12004)

 ProtoDUNE-SP is a single-phase LArTPC which contains 770 ton LAr, which is a prototype for DUNE
far detectors (17 kton LAr x 4).
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. Charged particles (z7, K™, p, u™ and e™) with various momentum modes (0.3, 0.5, 1, 2, 3, 6, 7 GeV)
are delivered into the TPC through a beam plug, which is suitable to measure hadron-argon XS.
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12004

Cross-section (XS) measurement .

e Currently, pion-argon XS is mainly predicted by interpolating data
from lighter and heavier nuclei. Only LADS (1999) and LArIAT
(2021) have performed such measurements.

Total Cross Section [Barns]

* To measure the XS between a type of particle with an atom,
people usually have the particle beam shoot at a thin target

made of the atom, and detect its survival rate. e
0.2 -

- M., is the molar mass of atom
M, N - N, is the Avogadro constant 0
In - tis the thickness of the target
PtNA N. sur - p is the density of the target material
- N, . is the number of incident particles
- N, is the number of survived particles

O —

 However, a detector filled with LAr is not a thin target in terms of pions.
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Figure from arXiv:2108.00040
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Slicing method

e |LArIAT (Liquid Argon In A Testbeam) collaboration proposes the thin-slice method, where they
divide the detector into several slices, and each slice can be treated as a thin target to measure
pion-argon cross-section.

k 90 cm S
g4 )/ o= — A gy (e
P 5XNA N, inc ~ {Vint
40 cm

Incident - M, is the mass of an argon atom
particles - N, is the Avogadro constant
- p is the density of liquid argon

- ox is the thickness of the slice
‘/:Cm - N._ . is the number of incident beam pions in a slice

1nc

o - LATIAT LAFTPC - N, is the number of beam pions which have

<sx>=47mm (nottoscale) interaction in a slice
~ track pitch

Thin-slice method
Figure from arXiv:2108.00040
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Energy-slicing method

 For alarge-scale TPC like ProtoDUNE-SP, it is subject to space charge effect.

e Based on the thin-slice method, we propose the energy-slicing method, which slices the track by
the beam particle kinetic energy (KE)

- Predefined energy bin edges

[0, 350, 450, 500, 550, 600, 650,
700, 750, 800, 850, 950, ®) MeV

0 50 100 150 200
Z (cm)
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Energy-slicing method

N

mnitial

N

Interaction

e The number of events that

D enter the TPC in each e The number of events that

[ energy bin. 1 Interact in each energy bin.
|1 1
Energy bin Energy bin
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Energy-slicing method

N

mnitial

e The number of events that
H» enter the TPC in each

[ | energy bin.
R

Energy bin

Nincident * The number of incident
events in each energy bin.

e Given byN N
]Vinc(i) — Z ]Vlnt(]) o Z ]vlm(])
Jj=i

Energy bin J=itl
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Energy-slicing method
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Energy bin
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Interaction

e The number of events that
interact in each energy bin.

Energy bin

The cross-section is given by

MAr dE ( ]Vinc(E ) )
o(E) = (E)In
pNAAE dx ]vmc(E) - Nint(E)

. AF is the energy bin width

dE
. —(F) is calculated using Bethe-Bloch formula

dx
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AnalyS i S ﬂOW XS: cross-section

Total MC
Fake data True MC Real data

Provide the
response matrix

Selections
Bkg subtraction
Unfolding

Selections
Bkg subtraction
Unfolding

True XS Measured XS Measured XS
(validate the (validate the
slicing method) procedures)
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AnalyS i S ﬂOW XS: cross-section

Total MC
Fake data True MC

Selections Provide the
Bkg subtraction response matrix
Unfolding
True XS Measured XS
(validate the (validate the
slicing method) procedures) In the following slides, | will show results from

1 GeV fake data sample as an example.
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Analysis flow

Original sample

]Vinitial ]Vinteraction * Selections

[ |
.. |:| .. N, reco (]vinitial Of ‘Ninteraction)
N gmEw| R

Energy bin Energy bin
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Selections

 Forinclusive cross-section measurement, we need to select pion beam events (regardless of
what daughter particles are).

- Pandora identification
- Precuts

- Beam quality cut

- Proton cut

- Michel score cut

0 50 100 150 200 0 50 100 150 200
z (cm) z (cm)
Detalls in back-ups Original event Pandora identified beam (pion) track
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Reconstructed track length

After full selections (fake data)
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Reconstructed track length

After full selections (fake data)
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Estimated using true MC sample
 ~ 80.1% pion inelastic (signal)
* ~8.1% beam muons

» ~4.0% secondary protons
 ~ 3.8% secondary pions

e ~ 2.2% secondary muons

* All the other backgrounds are less than 1%

Secondary particle: daughter of beam particle, which
IS misidentified as beam particle.
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Analysis flow

Orignal sample

]Vinitial ]Vinteraction * Selections
I= [
.. |:| .. N, reco (]vinitial or ‘Ninteraction)
_DEN, CmEm,
Energy bin =nergy bin Background constraints
s1g s1g :
]Vinitial ]vinteraction Nrségo — Nreco . (1 _fbkg>

» T
gl B
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Energy bin Energy bin
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Background constraints

e A data-driven method is used to account for difference of background fractions in data and MC
Nrseic%o — Nreco 1 - Zfidata — Nreco | 1 — ZszC " &

e «;is the scale factor for background 1, which is fitted in the sideband of a variable distribution
where background 1 dominates.

Constrain muon bkg (fake data) Constrain proton bkg (fake data) Constrain secondary pion bkg (fake data)
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Analysis flow

Orignal sample

]Vinitial ]Vinteraction ' Selections
I= ||
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Unfolding

 Unfolding accounts for detector resolution and inefficiency.

o The response matrix R; = P(x € recobini|y € true binj) is derived by true pion MC

e The d’Agostini (iterative Bayesian) method is used to model the unfolding matrix.
https://inspirehep.net/literature/374574

o To take into account the correlations between the histograms, we combine (Vi ;:: .1,
one variable, and unfold them together. (Multi-dimensional unfolding)

N

1nteraction) as
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Unfolding

Unfolding accounts for detector resolution and inefficiency.

The response matrix R;; = P(x € recobini|y € true binj) is derived by true pion MC

The d’Agostini (iterative Bayesian) method is used to model the unfolding matrix.

https://inspirehep.net/literature/374574

To take into account the correlations between the histograms, we combine (V. -1, Vi oraction) @S
one variable, and unfold them together. (Multi-dimensional unfolding)
2D response matrix for (]vinitial’ interaction)
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Measured histograms (fake data)
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Total MC

7N\

Nominal result (fake data)

Fake data True MC
M,. dE N. (E) |
A
o(E) = r (E)In nc |
pNJAE dx Nipc(E) = Nip(E) Selections Provide the
Bkg subtraction response matrix
Unfolding |«
v v
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Total MC

7N\

Nominal result (fake data)

Fake data True MC
M dE N._ (E) ‘
A
o(E) = - (E)In e |
pNJAE dx Nipc(E) = Nip(E) Selections Provide the
Bkg subtraction response matrix
Unfolding |«
v \

800 :—
2 g0 [— = L S e =0 G .
s i e Both true XS and measured XS are
£ 400 — consistent with the Geant4 input.

3 MC with reconstruction
200 3 MC truth
Geant4 input
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Towards measuring real data

e Preliminary results suggest some mis-modeling of MC.

e We select stopping muon sample to reweight MC according to data distributions, and then apply
the reweighting factors when measuring pion XS. Details in back-ups

- Beam momentum reweighting - Muon background reweighting
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Summary

 We have shown validations of the cross-section measurements using 1 GeV fake data.

e Differences between data and MC are being studied, before opening the box for real data.

e The procedures will also be applied to measuring datasets of other momentum modes (0.3, 0.5,

1,2,3,6, 7 GeV).

e ProtoDUNE Run 2 with a slightly different detector configuration is currently being assembled and
will offer opportunities to measure XS in low KE region, which is especially interesting to DUNE.

 Thanks for your attention!!
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Back-ups
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Space charge effect (SCE)

Data: Top Face AY [cm] Data: Bottom Face AY [cm]
* ProtoDUNE-SP experiences a large flux of cosmic =t ]
rays which results in a substantial amount of

argon ions.

~100F

200f

100

~100f

~200F 200}

[\S]

 The argon ions drift slowly (~mm/s at 500 V/cm in

-300F ~300F

LAr), SO they bu”d up and Cause a ConSiderable 100 200 300 400 500 600 700 © (; 100 200 300 400 500 600 700 0
[ [ u Zreco Zreco
amou nt Of pOSItlve Space Charge In the deteCtor' Data: Upstream Face AZ [cm] Data: Downstream Face AZ [cm]
e SCE distorts the electric field, and biases .

400 400

reconstructed particle energies and trajectories.

300 300

200 200

e SCE should be carefully characterized at any large
LArTPC detector operating at or near the surface.

100 100

L I Ll 1l 1l I Ll Ll l Ll 1l 1l I Ll Ll l Ll 1 1l I Ll 1Ll I Ll 1l 1l I Ll 1l 1l I Ll
200 300 -300 -200 -100 0 100 200 300

Xreco Xreco

L I Ll 1l I Ll 1l 1l l Ll 1l I Ll 1l 1l l Ll 1
-300 -200 -100 0 100

0 1

Spatial distortions normal to the top detector face (upper left), bottom
detector face (upper right), upstream detector face (lower left), and
downstream detector face (lower right) in ProtoDUNE-SP data.
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h_upstream_Eloss h_upstream_Eloss

O L . 1 1 1 T 1 1 Entries 121444

Energy reconstruction
4000 ¢ Std Dev 23.69

2 / ndf 43.68 / 27

Prob 0.02229

Constant 4123 + 18.7

Mean 12.74 + 0.1

o L is calculated by E. . — AE, 3000

lllllllllllllllllllll

nst pstream Sigma  21.73+0.14
2000 A -
- L. . is the beam kinetic energy measured by beam : :
line instrumentations o ; kN E
. . -100 -50 0 50 100
- AE ream IS the upstream energy loss, estimated VeV
as a constant by true pion MC 3000 e e A D etz
| dE e
. Eint IS calculated by Eff — _dx dxreco 2000 Constnt 2722 221

I [ ﬁ [ | | T _l

/

. Compare to true E, . (after full selections) 1V'
—-—M"f

The width of the peak suggests it is proper to |

choose the energy interval at least 50 MeV. %00 20 -100 0 10 200 300
e
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dE/dx curve of pion in LAr

Nypo(E) dE

_ MAr dE T : : :
. Ino(E) = NAE dx (E)In NoE) - NoB) ) (E) is derived according to the

Bethe-Bloch formula.
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Pandora identification

* In each event, one track is selected as beam track by Pandora based on
boosted decision tree (BDT) algorithm.
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Precut

e Some technical cuts to ensure the beam track can be used.
- Upstream beam type selection
e MC true beam PDG ==-13 or 211

e Data beam_inst _trigger =8
beam Inst nMomenta == 1 && evt.beam Inst nlracks ==
beam inst PDG candidates ==-13 or 211

- Empty events removal reco_reconstructable_beam_event |=0
= Pandora Slice Cut to ensure it is a track. reco_beam_type == 13

= Calo Size Cut require hit detected on collection plane. ! (reco_beam_calo_wire->empty( ))

Variable definitions: https://wiki.dunescience.org/wiki/PDSPAnalyzer

F.d THE UNIVERSITY OF P. 0 :
—

CHICAGO (Ve

26/20 Aug 5, 2022 @ NuFACT 2022 Yinrui Liu | 7F-Ar inclusive cross-section measurement on ProtoDUNE-SP



https://wiki.dunescience.org/wiki/PDSPAnalyzer

Beam Quality Cut

e |t consists of two parts. First, cuts on the position of instrumented beam
particle projected to the front-face of the TPC.

CaloSize, Data

240 llllIIIIIIITlllllll]llllllllT _90
S I _
> [ 1 180
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i 20
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—40

35 30 25 20 -15

X (cm)

e The events outside of the oval is

more likely to be secondary
particles produced by upstream
Interactions.

Selection: sqrt(Ax.2 +Ay§lst) <45

1nst

- AXIHSt IS (xlnSt o //t xinst)/dxinst
- U, and o, are derived before
st

beam quality cut

1nst
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Beam Quality Cut

HV Feedthrough

e Second, cuts on beam entrance position and

HH
beam angle.

Detector Support Structure (DSS)

.‘_—_
- —

- Entrance point on xy plane sart(Ax*+Ay?) <3
- Start zposition  1Azl<3

- Beam angle cos 0 >0.95

- Axis (x — u,)/o,, where u,and o, are
derived before beam quality cut. Ay and , N S22
Az are similar. RS AN

- 0O is the angle between the track and the 7

mean direction /“té” derived before beam A view of ProtoDUNE-SP detector. The beam
quality cut. plug indicates the direction of beam track

Bottom Field Cage
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Beam Quality Cut

Sqrt(Ax2+Ay2) <3 Azl <3 cos 0> 0.95

deltax, CaloSize, Data deltay, CaloSize, Data %10° deltaz, CaloSize, Data costheta, CaloSize, Data
.EB I I I I I I I I | 1 I I I I 1 I I .‘(B | I I 1 1 I I I I | I I I I 1 I I I ] ‘(B 1 I I I I 1 I I | I I I | I I I I ‘(B I I I | 1 I I | I I 1 I I I I | I I I
5 —4— Data 100150 TotalMC 105580 [l Pilnel 55975 E) —4— Data 100150 TotalMC 105580 [l Pilnel 55975 % B —4— Data 100150 TotalMC 105580 [ Pilnel 55975 5 —4— Data 100150 TotalMC 105580 [l Pilnel 55975
> B [ PiElas 958 Muon 15090 misID:cosmic 10580 ] > [ PiElas 958 Muon 15090 misID:cosmic 10580 u>.1 10 — [ PiElas 958 Muon 15090 misID:cosmic 10580 U>.l . [ PiElas 958 Muon 15090 misID:cosmic 10580
u — mis|D:p 9682 I misID:pi 7531 I misID:mu 3526 — w B misID:p 9682 I misID:pi 7531 I misID:mu 3526 . — mis|D:p 9682 I misID:pi 7531 I misID:mu 3526 10 misID:p 9682 I misID:pi 7531 I misID:mu 3526
8000 |— MM misID:e/y 1676 misID:other 562 ==»»- Cosmics 7609 ] 8000 (— M misID:e/y 1676 misID:other 562 ===+ Cosmics 7609 —] — [l misID:e/ y 1676 misID:other 562 ====-- Cosmics 7609 B misID:e/ y 1676 misID:other 562 ===»»- Cosmics 7609
i . 10*
6000 6000 :
10° E
4000 4000 102
10
2000 2000 :
; 1
0 & ok 0 &
o ZU = 1) Z.V = E o U 5 E E
% 1 5 é- * *”m +i"'*’"* “ “ . .“H .......... Hﬂ**{+ ............ *I* ’ +HIL % 1 5 ; * * H *+i *#** ’ . ’“m** t% % % % 1 5 é ’. : ; _;
1.0 2 M. ¥ o " TR T SN (F | | B * ...... = 10 Bt ta m ’ Whow wd..o. ....................................... * AAAAAA * AAAAAAA = = 1.0 = "ou w00y 1 ; "M.A‘E
0.0 1: = 0.0 = 0.0 E 0.% =
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 .90 0.92 0.94 0.96 0.98 1.00
C u t Ao avie, AZ/c, cos®
deltax, BeamQuality, Data deltay, BeamQuality, Data deltaz, BeamQuality, Data costheta, BeamQuality, Data
‘(Q I I I I I I I I | 1 I I I I 1 I I .‘(B — I I 1 1 I I I I | I I I I 1 I I I = ‘(B 1 I I I I 1 I I | I I I | I I I I ‘(B : I I I | 1 I I | I I 1 I I I | I | I
&000 | —4— Data 71912 TotalMC 77551 I Pilnel 53106 ] &000 —4— Data 71912 TotalMC 77551 I Pilnel 53106 ] @OOO —  —4— Data 71912 TotalMC 77551 I Pilnel 53106 —] 5 — —4— Data 71912 TotalMC 77551 I Pilnel 53106
> [ PiElas 842 Muon 12384 mislID:cosmic 26 > [ PiElas 842 Muon 12384 mislID:cosmic 26 Ll>.l B [ PiElas 842 Muon 12384 mislID:cosmic 26 ] U>.l 5 B [ PiElas 842 Muon 12384 mislID:cosmic 26
u B mis|D:p 4826 I misID:pi 2741 I misID:mu 2870 _ w B mis|D:p 4826 I mislID:pi 2741 I misID:mu 2870 7] mis|D:p 4826 I mislD:pi 2741 I misID:mu 2870 10 = misID:p 4826 I misID:pi 2741 I misID:mu 2870
— [ misID:e/ y 391 misID:other 365 +ssss- Cosmics 19 — L [ misID:e/ y 391 misID:other 365 ~ «ssxs- Cosmics 19 - — [ misID:e/ y 391 misID:other 365 ~ =sssss Cosmics 19 . — M misID:e/ y 391 misID:other 365 ~ «sssx- Cosmics 19
G
6000 [— — 6000 [— - 6000 I N 10°E
I ] I ] i 1 10°
4000 — — 4000 — — 4000 — ] B
B 7 — 7 B 7] 10° =
2000 [— - 2000 [— — 2000 [— — 10 =
i ] I ] i ] 1
0 | ] 1 1 | ] 1 1 | | O ] 1 1 1 | ] 1 | | ] 0 1 | | | 1 | | ] ] 1 : | ] 1 1 | | ]
~E al E ~E . E ~E ' ~E HHT (T atasorenne,,, -
g 1.0 S VW—'JM..' E % 1.0 S ¢ W...... 3 % 1.0 = Cocsteenisisn o, 3 g 1.0 = {Hﬂ“’ﬂw’* '“ ) =
005 E Py = 005 E > ¢ E 005 E Sogt = 005 E =
— .0 = = a® = = = = =
0045 5 0 5 10 0015 5 0 5 10 0-0.45 5 0 5 10 0-3 90 0.92 0.94 0.96 0.98 1.00
Ax/o, Aylo AzZlo, cosH

THE UNIVERSITY OF

29/20 Aug 5, 2022 @ NuFACT 2022 Yinrui Liu | 77-Ar inclusive cross-section measurement on ProtoDUNE-SP CHICAGO (\




Proton Cut

Chi2_proton, BeamQuality, Data

O We use Chiz_p/NdOf to CUt prOtOn % L = I—fl—D;ta;191l2  otamc 77sst -IPiiIneI|531(l)§ | I_g
> = " PiElas 842 Muon 12384 misID:cosmic 26 —
L 105 B misID:p 4826 B mislID:pi 2741 B misID:mu 2870 B
e . . . = [ misID:e/ vy 391 misID:other 365  =+===- Cosmics 19 =
- Assume it is a stopping proton, then fit dE/dx Selection
VS residue range to expectation. 10° - i
30 DUNE:ProtoDUNE-SP____ Proton Data (1 GeVie) 10° i
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Chi2/Ndof
https://doi.org/10.1088/1/7/48-0221/15/12/P12004
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https://doi.org/10.1088/1748-0221/15/12/P12004

Michel Score Cut

daughter_michel_score, ProtonCut, Data

| Q — | | | | | I | | | I | | | | | | | | | | T
* Michel electron shows some features S | tDmems  oaworie  mmeinelsze
i - 105 — mlisas: m:Json:i 2:: :no:mlc =
which can be detected by pattern = EE Doy NN meDaterszy - Comcs15 =
recognition, thus can be used to cut muon. Selection B
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https://docs.dunescience.org/cgi-bin/private/ Michel score

ShowDocument?docid=23125
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D’Agostini (iterative Bayesian) unfolding

e We use the d’Agostini (iterative Bayesian) method for 20 iterations by default.

- The response matrix is derived by true pion MC
R;; = P(x € recobini|y € true bin )

- Based on the Bayes’ theorem, the unfolding matrix is estimated as
— le - P(y € true bin )

R i~ N o = . 1~

ZJ, R;; - P(y € true bin j)

To measure real data, Py, (y € true binj) = Z FITZ-J- - Py...(x € recobin i)

l

- P(y € true binj) is iteratively replaced by the measured result.
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Reweight the cross- Use nominal MC sample,
IVI k d section of fake data to see if we can measure
OCK- ata teSt using Geant4reweight Total MC the fake data correctly

~ 2 N\

* Consider differences between fake data and true MC Fakedata  True MC
|
Selections Provide the

Bkg subtraction response matrix

Unfolding |«

v v

True XS Measured XS
1000 DlIJNE:PII'otODUINE-SPI | | Relco cross-section | | | Pion MC (1 IGeV/C)I

— ¢ Fake data measured _|

- —— _{  Reweighted fake data (truth) —t— 7
800 — -
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Momentum reweighting - }H | =

3 MC default

[ MC rewelghted

e We use stopping muon tracks to perform | B
momentum reweighting study. -
N =i
"—3 20 a0 %0 T R— 1500 7% ol—r— v e
® A We|g ht tO eaCh MC event Reconstructed front-face KE (MeV) Beam instrumented momentum (GeV)
0500 Figure of ment: y?/Ndf
»-uw2 e pisthe true momentum in each MC event :
% 262
e [y and o, are fit to MC true momentum .
(P = Hp)?
262 _
e 70 e 41 and o are two fit parameters 8
e X2 fitis performed for the best agreement on the
reconstructed front-face KE between data and MC.
0.0625 :g 'trr‘:i default !

MC true reweighted (FOM=1.43)
One-sigma (FOM=1.54)

0.0600
1000 1005 1010 1015 1020 1025

mu

x2/Ndf on 2D meshgrid of (u, 0)
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Muon reweighting

e We notice MC seems to underestimate the fraction of muon components.
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Track length (cm)

Distribution of reco track length

Thus we reweight muon, and perform x2 fit on the left plot.

Chi2/Ndf
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Reco_track_length [cm]

The fitted MC muon weight for is 1.58 (x3/Ndf = 4.48).
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